INTRODUCTION
In the rail industry, existing railroad tracks are carrying heavier and heavier train loads, instead of constructing new rails and distributing trainload tonnage [1, 2] . As the average load per track increases, there is a growing concern about the critical flaws in the rail. Consequently, it is necessary to assess the rail integrity by means of rapid nondestructive detection of rail defects.
Flaws and defects in rails are introduced due to a wide variety of factors including extreme cyclic loading, aging and free-thaw loading and chemical attacks. These internal and surface flaws can be fatal if they go undetected until failure. Typical defects often found in railroad tracks include transverse and longitudinal defects in the rail head, web defects, base defects, surface defects as well as other miscellaneous damage such as head wear, corrosion, crushed head, burned rail, bolt hole cracks, head and web separation, etc. [3] .
In this work, we are interested in detecting surface defects, although the concept may be generally applicable for detecting different flaw types. A laboratory scale experimental setup demonstrated that air-coupled ultrasound may be potentially used as a means of non-contact, high-speed rail condition monitoring of broken rails. In this paper, we describe the testing procedure and the signal processing technique.
DOPPLER EFFECT
The key idea is Doppler effect, which is introduced by the relative motion between the rail and the transducer(s) mounted in the running train. The Doppler effect is a well-known phenomenon that can be characterized by a shift in frequency or in wavelength caused by relative motions among sources, receivers, and the medium [4] . In our case, we consider the effect in a bistatic arrangement of transducers in a stationary medium. When a stationary transmitter and stationary receivers are used in a bistatic arrangement, i.e., the transmitter and receiver are separated by a distance and aligned at an angle, the Doppler-shifted frequency caused by a moving target in a stationary medium is given by the relationship: ' !/Jrl = Angle between the velocity vector Vt of the moving target and the radius vector from the target to the receiver.
EXPERIMENTAL SIMULATION
(1)
A typical car speed for monitoring rail may reach above 60 mph (96 kmlh). Doppler effect is attractive, in that the faster the speed of the train, the more pronounced the Doppler effect is. This effect has an added benefit because our objective is to increase the monitoring speed as high as possible. A critical requirement of our monitoring scheme is that the transducer should not be placed on the rail in contact. Instead, the transducer should remotely sense the surface discontinuities without contact. The approach is to insonify the rail surface with ultrasound coupled directly through air and analyze the signature of the signals reflected off of the surface. Due to the huge acoustic impedance mismatch between the air and the solid metal, the amplitude of the return signal is expected to be high and sensitive to the surface condition. We take this phenomenon to our advantage, since our main interest is to detect surface flaws.
Because it is impractical to test rail with cars over a suitable distance at 60 mph (96 kmlh) in a laboratory environment, the effect was simulated by using a motor to rotate a solid disk with a surface notch on the periphery. In order to test the feasibility of enhanced monitoring with a Doppler effect, the experimental setup shown in Fig. 1 was used to simulate the relative motion. In this experiment, the Doppler effect was conceptualized as follows: consider two bistatically arranged ultrasonic transducers, where one functions as a transmitting source (T) and the other as a receiver (R). If the ultrasonic beam is impinged upon a rotating interface, then the signal reflected from the notch and received by R should exhibit a Doppler effect due to the relative velocity created between the transmitted ultrasound and the surface discontinuity.
The radius of the disk R and the angular speed of the motor n, were selected to achieve the equivalent linear velocity of the notch relative to the transducers, v. = Rn. For a motor speed of 1700 rpm and a linear velocity of 60 mph (27 mls), R = 6 in. (15.24 cm).
A notch having a depth and width of 0.125 in. (3.2 mm) was machined on the surface of the disk to simulate a surface defect. The notch was fully extended through the 0.5 in. (12.7 mm) thick disk.
A pair of narrowband low frequency piezoelectric ultrasonic transducers (1.25 in. diameter, 100kHz center frequency) were configured in pitch-catch mode directly above the Front View top of the disk. The transmitter input signal was a 100 kHz continuous sine wave which was created using an arbitrary function generator. The signals received by the receiver were recorded by a digital oscilloscope. All wavefonns were transferred through a GPIB connection to a PC for further analysis and processing. At this stage, the wavefonns are not processed in real-time, but this paper shows the feasibility of intrinsic signal processing capabilities.
MONITORING SCHEME AND RESULTS
As addressed before, it is desirable to assess the rail condition in a non-stop mode, allowing the monitoring system for issuing an alarm signal in the presence of suspicious flaws. If an alarm is issued, then a more detailed inspection technique should be used to validate the alarm signal. It was shown in this paper that Doppler effect using air-coupled ultrasonic transducers can be used as a criterion for issuing the alarm for broken rails and perhaps the other defects.
One possible approach is to process the signal in the time domain by using the amplitude of the return signal as an indicator of surface discontinuity. However, the amplitude infonnation is very much dependent on the surface condition and can be degraded due to environmental noise. As a result, the time domain analysis is not desirable.
As an alternative, Fourier transfonn (FT) can be used to represent the signal in the frequency domain. The magnitude spectrum of a narrowband continuous signal has a characteristics of sharply defined peak in the frequency domain, centered around the carrier frequency of the signal. If the signal is Doppler shifted, then the net result is that the peak location drifts in the frequency axis, depending on the amount of the shift. The location of this peak can be exactly predicted from eq. (1), from the known values of the instantaneous speed of the train, input carrier frequency, the wavespeed in air, and the sensor arrangement (angles).
Although FT is a good tool to estimate spectral properties of a signal, it assumes that the signal properties do not change with time. In our application where the signals are acquired continuously, these changes are important and therefore non-stationary signal models are required. Short-time Fourier transfonn (STFT), or otherwise referred to as time-dependent Fourier transfonn [5] , is an attractive technique for our application. The STFT is defined as the Fourier spectrum within a specified short period, i.e., (2) where s(t) is the input signal, W,,(t) is the STFT window function and .x the STFT window index.
Since the wavefonn is continuously entering the acquisition system, the wavefonn must be processed in real-time for each interval. In contrast to Fourier transfonn (FT), the STFT provides frequency characteristics of local time and thus is suitable for analyzing signals having time-varying characteristics. STFT tracks the evolution of spectral properties with respect to time and hence is ideal for analyzing transient and time dependent signals.
The incoming signals can then be processed by a series of blocks as acquired. The spectrum of each block data represents the characteristics of the signal within the time block of the signal being processed. If the signal contains Doppler shift, then the peak appears at the shifted frequency. Traditionally, STFf can be constructed in the form of an image representing the magnitudes (gray values) in the time-frequency domain but it is not a suitable form for real-time processing.
In our approach, the STFf is modified such that the peak magnitude of each time block is first gate detected and recorded as a function of time. In other words, the peak magnitude of the STFf spectra within a specified window is used to reconstruct a signal representing the Doppler-shift in the time domain. Since the instantaneous speed of the rail car is measurable, the location and width of the gate can be accurately estimated. Figure 2(a) shows the entire signal obtained as the disk was in motion. Note that three are three sharp signals embedded in the noisy baseline signal. These peaks indicate reflections off of the notch (that is, one complete revolution of the disk). Since there are signals whose amplitudes are significantly high, it is often difficult to differentiate the true signals from the false ones. Therefore, it is not quite easy to process the signal in the time domain. In order to test the sensitivity of the technique to environmental noise and vibration, similar Doppler test were conducted by loosening the bolts so that the disk wobbles. Figure 3 shows the results of this experiment, where the baseline signals are unstable due to the wobbling but the STFf process could extract the features of the Doppler shift.
SUMMARY AND CONCLUSIONS
A novel concept based on the Doppler effect was introduced for continuous monitoring of rail defects at high speed. This approach exploits the relative motion between the propagating ultrasound and the rail defect. It was shown from the feasibility tests that low frequency air-coupled transducers can be effectively used for detecting rail surface defects, thereby eliminating contact between the transducers and rail surface.
The feasibility of this technique was experimentally studied and verified in a laboratory setting. In a test conducted using a rotating disk with a notch on the periphery, the Doppler effect was clearly observed. The continuous wave ultrasonic signals are reflected from the surface notch, resulting in Doppler shift in the as-obtained waveform. Due to the narrow bandwidth of the signal, the magnitude of the shifted frequency was clearly pronounced in the frequency spectrum. The shift was experimentally detected in the frequency domain using the Short-Time Fourier Tranform and peak-detecting the transformed signals.
It is believed from this feasibility test that CW Doppler can be used as an effective means of high-speed rail monitoring, particularly for detecting surface defects and broken rails. For the future work, a criterion to set a threshold magnitude of the peak-dected STFf should be established. Once the threshold is determined, the system can be designed to issue an alarm when the peak magnitude exceeds the threshold value. This condition may indicate any surface anomalies and thus can be used as a criterion for the alarm. More importantly, further investigation is necessary for monitoring internal defects which may also seriously affect the rail integrity.
